Introduction Tumor recurrence remains a main limitation to the long-term survival of patients following liver transplantation for hepatocellular carcinoma (HCC). While the majority of patients recur in the first two years after transplantation, late recurrence is not infrequent. Discussion Most common sites of recurrence in order of decreasing frequency are liver graft, lung, bone, abdominal lymph nodes, adrenal glands and peritoneum. Reported five-year survival after surgical resection ranges from 27-88%. Few patients, however, are candidates for surgical resection. Other therapeutic options for recurrent HCC include systemic therapy, intra-arterial therapy, or radiation therapy. Although systemic molecular targeted therapy is generally tolerated with very few interactions with immunosuppressive medications, there is only modest success regarding prolongation of survival. Utilization of radiation therapy for extrahepatic recurrences similarly has minimal impact on overall survival, but may effectively in palliate symptoms. While late recurrence is associated with a more favorable prognosis than early recurrences, prognosis is still poor. Conclusion Late recurrence of HCC following transplantation should be borne in mind even after many years from transplant. Surgical salvage, when feasible, remains a viable treatment option in select patients with a chance for long-term survival. A multidisciplinary approach is critical as different therapeutic modalities have a role in treating recurrent HCC following transplant.
Introduction
Hepatocellular carcinoma (HCC) is the third leading cause of cancer mortality worldwide, accounting for more than 500,000 deaths annually. 1 Major risk factors include chronic liver disease and cirrhosis due to hepatitis B and C infections, alcoholic liver disease and non-alcoholic steatohepatitis. Surgical management remains the only potentially curable treatment option for patients with HCC. While partial liver resection is a reasonable approach for patients with no or well compensated cirrhosis, orthotopic liver transplantation is the preferred treatment for patients with early stage HCC in the background of cirrhosis. In 1996, Mazzaferro at al. proposed a set of macro-morphologic selection criteria for HCC, including a single tumor<5 cm, 2-3 lesions each<3 cm, and the absence of macroscopic vascular invasion. 2 Using these now widely adopted Milan criteria, liver transplantation for HCC is associated with an excellent long-term outcome with a 5-and 10-year survival of 73% and 70%, respectively. 3 HCC recurrence can, however, occur in a subset of patients and represents one of the major threats to long-term survival after liver transplantation for HCC. We herein review the literature on the pattern and timing of HCC recurrence after transplantation, as well as review management options and outcomes of recurrent HCC disease following transplantation.
Liver transplantation is the preferred treatment of early stage hepatocellular carcinoma in the setting of cirrhosis. Unlike resection, transplantation provides the benefit of complete tumor excision as well as removal of the underlying diseased liver. While long-term survival following liver transplantation now exceeds 70%, disease recurrence remains an issue in a subset of patients and can adversely affect long-term survival. The incidence of recurrent HCC following transplantation has been reported to vary, ranging from 6-56% 4-7 -perhaps reflecting differences in patient selection for initial transplantation. While several recipient and tumor-specific factors are prognostically important, primary tumor size, number of lesions, and presence of vascular invasion have been noted to be the most significant clinical risk factors for both recurrence and survival. 4, 6, [8] [9] [10] Given this, the overall incidence of recurrence has decreased dramatically since the adoption of the so-called Milan criteria, which ushered in a more stringent selection of HCC patients for transplantation. 11 In an analysis of the United Network for Organ Sharing (UNOS) database that included 985 patients undergoing liver transplantation between 1987 and 2001, Yoo at al. demonstrated that survival after transplantation dramatically improved following the adoption of the Milan criteria (5-year survival, pre-Milan criteria: 25% versus post-Milan, 61% p=0.001). 12 Following hepatic resection of HCC, the majority of recurrences occur within the liver (Fig. 1) . 13 While removal of the entire diseased liver attenuates the risk of intrahepatic recurrence following transplantation, tumor recurrence in the liver allograft does occur. De-novo tumor development from recurrent hepatitis and cirrhosis in the liver graft can Fig. 1 Recurrence following liver transplantation. Axial (A) and coronal images demonstrating intrahepatic recurrence. Axial (C) and sagittal images (D) demonstrating bone metastasis of the spine occur, however most intrahepatic recurrences after liver transplant probably are secondary to hematogenous spread. Some data have suggested that the transplanted liver may be particularly susceptible to circulating tumor cells by liver specific adhesion molecules (homing pattern) and a positive microenvironment for cell growth. 14, 15 Recurrent disease following liver transplantation for HCC may involve an extrahepatic site in 10-43% of patients ( Table 1 ). The presence of microscopic extrahepatic foci of disease in lymph nodes or distant organs at the time of transplantation, as well as hematogenous or peritoneal tumor dissemination during transplantation, are mechanisms attributed to disease recurrence. 16 The most common extrahepatic sites of recurrence include lung, bone, abdominal lymph nodes, adrenal glands and peritoneum, in descending order of frequency ( Fig. 1) (Table 1) .
While patients who present with disseminated disease are generally not candidates for local therapy, successful surgical salvage has been reported for intrahepatic and/or confined extrahepatic HCC metastases. In a study involving several Italian centers, 7 out of 21 patients (30%) underwent salvage resection of recurrent HCC of the liver (2), lung (2), bone (1), skin or other sites (2) . Surgical resection was associated with a survival of 15.5 months, which was better than the 5.5 months noted among patients treated with a non-surgical approach (Fig. 2) . 9 A review of studies that have evaluated outcomes of patients with recurrent metastatic HCC following liver transplantation revealed an associated overall 5-year survival of 13% -35% (Table 2 ). Albeit in a select group of patients, surgical resection of both intra and/or extrahepatic HCC recurrence may be associated with an improved survival ranging from 27%-88% (Table 2) . Therefore, in addition to reduction of immunosuppressive therapy, a thorough assessment of surgical options for a possibly curative intervention should be considered in patients with recurrent HCC.
When recurrent disease is intrahepatic in location, in some cases, resection and/or ablation of the liver allograft may be feasible ( Table 2) . As with HCC of the native liver, the utilization of resection versus ablation to treat recurrence in the allograft is dependent on surgical judgment, as well as the size and location of the tumor. While resection may be more applicable to more superficial and larger tumors, ablative techniques may be sufficient and appropriate in the setting of smaller and more deeply situated tumors. Although liver resection for intrahepatic HCC recurrence has been reported by several centers, most series are limited by a small sample size (< 10 cases).
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Roayaie et al. published a series that included 5 patients who underwent liver resection and 3 patients who underwent radiofrequency ablations for intrahepatic recurrences after transplant. 22 Other patients included in the study had extrahepatic disease and underwent lung resection (7), adrenalectomy (3) or resection of a chest wall recurrence (1) . Although 15 of the 19 surgically managed patients developed re-recurrence, 5-year survival was 47% posttransplant. Multivariate analysis revealed that surgical treatment was independently associated with prolonged survival (HR 2.5, p=0.016). The absence of bone metastases (HR 0.54, p=0.021), as well as a time to recurrence of >1 year after transplant (HR 0.96, 0.002) were each independently associated with a better outcome following surgical resection of recurrent disease. In a separate study, Schlitt et al. reported on 39 patients with recurrent disease, of whom 9 patients had intrahepatic recurrence, 15 extrahepatic disease and 15 patients who had both intra-and extrahepatic recurrence. 8 Eleven of these patients were able to undergo complete removal of the recurrent disease, including 5 patients with an intrahepatic recurrence; 7 (63%) were alive at 4.3 years of follow-up.
Reports of repeat liver transplantation as a treatment of recurrent intrahepatic HCC are limited to a few very select case series. Schlitt et al. reported on two patients with intrahepatic recurrence who were managed with retransplantation at 6 and 10 years following initial transplantation, but long term outcome was note described. 8 Shin et al. reported on one patient who experienced an intrahepatic HCC recurrence at one year after initial liver transplant who subsequently underwent a re-transplantation. 19 The authors noted that this patient had survived for 45 months without additional recurrences.
Another potential approach to intrahepatic HCC recurrence is the utilization of intra-arterial therapy (IAT) with chemoembolization (e.g. TACE). Data on the use of IAT for recurrent intrahepatic HCC of the allograft is, however, also lacking. Ko et al. reported on 28 patients with recurrent HCC who underwent one or more cycles of TACE after transplantation (mean, 2.5 cycles). 23 In this study, the targeted tumor reduced in size by≥25% in 19 of the 28 study patients (68%). However, intrahepatic or extrahepatic metastasis occurred in 21 of the 28 patients (75%) during the 3-month follow-up period and mean survival was only 9 months. While Ko et al. noted no significant morbidity, other investigators have noted an elevated risk of biliary ischemia / necrosis of the liver allograft following IAT. 18, 22, 24 Systemic therapeutic options for recurrent HCC are limited (Table 2) . While cytotoxic agents have traditionally had marginal effect in the treatment of HCC, systemic therapy with molecular targeted therapy has been shown to prolong survival in recent trials. Sorafenib, a multi-targeted kinase inhibitor, demonstrated a significant overall survival benefit in patients with advanced or metastatic HCC when compared with placebo in two separate Phase 3 trials. In the landmark Sorafenib HCC Assessment Randomized Protocol (SHARP) over 600 patients with advanced HCC, intact liver function (Child-Pugh class A) and good performance status were randomized to sorafenib or placebo. 25 The study was stopped at the second planned interim analysis due to a significant difference in overall survival favoring the sorafenib arm, with median survival of 10.7 months and 7.9 months, respectively, for the sorafenib and placebo arms (HR 0.69 (0.55-0.87); p<0.001). A similar overall survival benefit from sorafenib was noted in a second phase 3 trial, carried out in the Asia-Pacific region, with similar entry criteria and treatment plan. 26 In this study of over 200 patients, those on the sorafenib arm had a median survival of 6.5 months compared with 4.2 months for those on placebo. The HR of 0.68 (0.50-0.93) was almost identical to the SHARP trial, although the absolute survival was notably lower, likely due a study population with more advanced disease (radiographically and biochemically), and a slightly worse performance status as a whole.
These studies were carried out in patients who presented initially with advanced disease (mostly liver confined disease), and did not include patients who had previously undergone curative-intent therapy, such as surgical resection or liver transplantation. Since the approval of sorafenib in 2007, there has been interest in assessing its effectiveness in patients with recurrent disease after resection or transplant. A number of retrospective studies have reported acceptable safety data for sorafenib in liver transplant patients, with very few unexpected toxicities or interaction with immunosuppressive medications. 27, 28 The numbers in these studies are small, and there is clearly a need for a prospective trial to fully assess the potential survival benefit of sorafenib in this setting. Work is also ongoing to assess the benefit of sorafenib as adjuvant therapy in patients undergoing liver transplantation, after a retrospective analysis suggested a reduced recurrence rate and improved disease-free and overall survival at one year post transplant. Radiation therapy is another option for patients with recurrent unresectable HCC. 30 Three-dimensional conformal radiation, as well as stereotactic body radiation therapy and radioembolization, have been utilized in the treatment of primary unresectable HCC. 31, 32 In addition, radiation therapy is a treatment option for symptomatic palliation of extrahepatic disease. In one study, Seong et al. investigated the effectiveness of palliative radiation therapy for HCC bone metastasis. 33 In this study, 51 patients received radiation therapy for 77 bony metastatic lesions, with a median total dose of 30 Gy. There was pain relief in 56 lesions (73%), however, median and 1-year survival were only 5 months and 15%, respectively. In another study, Kaizu et al. reported on the use of radiation and noted that higher doses (48 Gy/2 Gy fxs, 39 Gy/3 Gy fxs) were associated with improved tumor responses when compared with lower standard palliative doses of RT (30 Gy/3 Gy fxs). 34 In this study the response rate was 83.8%, and the median survival period from the time of the initial occurrence of a bone metastasis was 6 months. Other studies have similarly suggested that radiation therapy can be associated with palliative relief of symptomatic recurrent metastatic disease. 35 While radiation therapy has been utilized mostly in the palliation of bone metastasis, radiation may also be useful in palliating metastatic disease to other sites. 36 In one study, intensity modulated radiation therapy (IMRT) was used to treat an orbital metastatic HCC tumor. One month after completion of IMRT (58 Gy/1.8 Gy fxs) the patient had a radiologic (MRI) and symptomatic response and has local control in the orbit 1.7 years after therapy completion. 37 Another study demonstrated favorable control of metastatic HCC to the adrenal gland with stereotactic body radiation therapy (SBRT). 36 Yamashita et al. reported on 28 patients with metastatic HCC involving the portal, peripancreatic, and/or portal lymph nodes who were treated with radiation therapy. 38 Patients received between 46 and 60 Gy in daily 2.0-Gy fractions. A total of 18 (64%) and five (18%) patients achieved partial responses and complete responses, respectively. The 1-and 2-year overall survival rates and the median survival time were 53% and 33%, respectively. In aggregate, these studies suggests that recurrent metastatic HCC may be sensitive to palliative radiation therapy with a recommended dose of~50-60 Gy in 2-3 Gy fractions. Although, RT has historically been underutilized to palliate metastatic HCC, advancement in radiation technologies (SBRT/IMRT and daily imaging) has resulted in more focal radiation of HCC metastases. In turn, this has allowed for dose escalation of radiation that appears to result in improved tumor control with less normal tissue toxicity. Therefore, radiation therapy should be considered for palliation of metastatic HCC lesions.
Although the vast majority of HCC recurrences are detected in the first 2 years after transplantation, cases of late recurrence have been documented (Table 1) . Roayaie et al. reported a median time to recurrence of 12.3 months after transplantation. 22 Among 59 patients with a recurrence, only 6 (10%) patients developed a recurrence 4 or more years after transplantation (Fig. 3) . Tumor factors associated with late recurrence were small tumor size (<5 cm: 24 vs. ≥ 5 cm: 13 months, p=0.008) and well to moderate differentiation (well: 24 vs. moderate: 16 vs. poor: 11 months, p=0.018). Interestingly, in this study, patients with HCC due to cryptogenic cirrhosis (13 months) or hepatitis B (14 months) were noted to recur earlier than patients with hepatitis C (17 months) or alcoholic cirrhosis (33 months) (p=0.043). In a separate study by Schlitt et al, the authors similarly noted that the overwhelming majority of recurrences occurred within the first few years following transplantation (69% recurrences were within the first two years, 10% in the third year, and only 21% after 3 years). 8 These authors also noted that late recurrences were more common among patients transplanted with lower stage disease (p=0.016) and well differentiated tumors (p=0.011). Of note, time to recurrence did not differ significantly between patients with intrahepatic or extrahepatic recurrence. Although the natural history of late HCC recurrences after liver transplant is not well understood, several studies have noted more favorable outcomes -indicating perhaps a more indolent tumor biology. For example, Chok et al. reported that patients who had a late recurrence defined as 2 or more years after transplantation had a more favorable 5-year survival (71%) compared with patient who recurred earlier (7%) (p=0.001). 17 Other studies that have assessed survival after diagnosis of post-transplant HCC tumor recurrence have similarly found that a late recurrence was an independent predictor of survival. 18, 22 In conclusion, management of patients with recurrent HCC following transplantation is challenging. Although data are scarce, intrahepatic disease can be managed with repeat resection, ablation, transplantation, or IAT therapy. Patients with extrahepatic disease are less likely to benefit from surgical resection. Therapeutic options are limited and included administration of sorafenib or use of radiation therapy. While most recurrences occur early after transplant, late recurrences do occur. Many patients with recurrent metastatic HCC face a difficult clinical course. As such, management of patients with recurrent HCC following transplantation are best served being treated by a multi-disciplinary team that includes surgery, transplantation, hepatology, interventional and diagnostic radiology, as well as medical oncology.
